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STATE-OF-THE-ART REVIEW

New Insights into Uric Acid Effects on the Progression and Prognosis
of Chronic Kidney Disease

Vassilis Filiopoulos, Dimitrios Hadjiyannakos and Dimosthenis Vlassopoulos

Department of Nephrology, “Amalia Fleming” General Hospital, Athens, Greece

Abstract

Hyperuricemia is particularly common in patients with arterial hypertension, metabolic syndrome, or kidney disease.
Its role, however, as a risk factor for both renal and cardiovascular outcomes and in the context of the well-established
interrelationship between cardiovascular disease and chronic kidney disease (CKD) is debated. For decades high
serum uric acid levels were mainly considered the result of renal dysfunction and not a true mediator of renal disease
development and progression. However, recent epidemiological studies suggest an independent association between
asymptomatic hyperuricemia and increased risk of arterial hypertension, CKD, cardiovascular events, and mortality.
Furthermore, data from experimental models of hyperuricemia have provided robust evidence in this direction. Hyper-
uricemia causes increased arterial pressure, proteinuria, renal dysfunction, and progressive renal and vascular disease
in rats. The main pathophysiological mechanisms of these deleterious effects caused by uric acid are endothelial dys-
function, activation of local renin–angiotensin system, increased oxidative stress, and proinflammatory and proliferative
actions. A small number of short-term, single-center clinical studies support the beneficial influence of pharmaceutical
reduction of serum uric acid on total cardiovascular risk, as well as on renal disease development and progression.
Hyperuricemia is probably related to the incidence of primary hypertension in children and adolescents, as serum uric
acid lowering by allopurinol has an antihypertensive action in this group of patients. Finally, it is clear that adequately
powered randomized controlled trials are urgently required to elucidate the role of uric acid in cardiovascular events
and outcomes, as well as in the development and progression of CKD.
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INTRODUCTION

Hyperuricemia is common in kidney disease due to
decreased uric acid clearance. However, its role as a risk
factor for kidney disease progression is largely disputed.
It was primarily considered a marker of kidney damage
and only secondarily an independent risk factor for kid-
ney disease development and progression. Nevertheless,
recent studies have raised the exciting possibility that
uric acid may, indeed, have a contributory causal role in
cardiovascular and renal diseases.1

Following the discovery by Garrod in the early
1800s that elevated serum uric acid was the cause of
gout, hyperuricemia was proposed to have a causal
role in a variety of cardiovascular and renal conditions,
including hypertension, arteriolosclerosis, kidney, and
heart diseases.1,2 In a paper published in 1879 that
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originally described essential hypertension, Frederick
Mahomed3 noted that many of his subjects came from
gouty families. Subsequently, he hypothesized that uric
acid might be integral to the development of essential
hypertension. Ten years later, this hypothesis reemerged
when Haig4 proposed low-purine diets as a means to
prevent hypertension and vascular disease. In 1909, the
French academician Henri Huchard5 noted that renal
arteriolosclerosis (the histologic lesion of hypertension)
was present in subjects with hyperuricemia and sug-
gested, for the first time, a potential association between
uric acid and kidney damage.

Several, quite early, epidemiological observations
support the association between hyperuricemia and
renal disease. Indeed, as many as 20–60% of patients
with gout had mild or moderate renal impairment,
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25–50% had arterial hypertension, and 10–25%
developed end-stage renal disease (ESRD) before uric
acid-lowering agents became widely available.6,7 The
histologic lesion termed “gouty nephropathy,” espe-
cially prevalent in the past, consisted of glomeruloscle-
rosis, interstitial fibrosis, and renal arteriolosclerosis,
often with focal interstitial urate crystal deposition.
These findings have been observed in autopsies of
79–99% of patients with gout.8 Thus, since early twenti-
eth century gout and, consequently, hyperuricemia have
been considered significant risk factors for cardiovascu-
lar and renal diseases.

By the mid-twentieth century, however, the causal
association between uric acid and cardiovascular dis-
ease has been questioned, as it was recognized that the
association of gout with cardiovascular disease might
simply reflect that both have similar risk factors, such
as obesity, hypertension, metabolic syndrome, and kid-
ney disease.1,2 In addition, large epidemiological studies
produced contradictory results, while many of them
failed to demonstrate an independent association of
hyperuricemia with cardiovascular disease. Simultane-
ously, many studies overemphasized the role of uric acid
as an antioxidant. Moreover, hyperuricemia observed in
chronic kidney disease (CKD) of any cause was consid-
ered secondary to a decrease in either glomerular filtra-
tion rate (GFR) or hyperinsulinemia of the metabolic
syndrome.2 Thus, hyperuricemia in CKD was consid-
ered a benign finding and uric acid was likely not a true
cardiovascular or renal risk factor. A “requiem” for uric
acid and its role in the pathogenesis and progression of
kidney disease was celebrated in a review article pub-
lished in Kidney International in 1986.9 Consequently,
uric acid measurement was removed from the panel of
routine laboratory tests and was deleted from the list of
risk factors provided by most cardiovascular and renal
societies.

In the late 1990s certain observations led the spe-
cialists to reevaluate the significance of uric acid in car-
diovascular and renal diseases.10 The inconsistency and
inconclusiveness of major studies have been attributed,
at least in part, to the direct association between hype-
ruricemia and traditional cardiovascular risk factors.
Thus, the potential role of hyperuricemia as an indepen-
dent cardiovascular risk factor can hardly be evaluated
in multivariate analysis models. However, uric acid can
be a causal risk factor for cardiovascular disease with-
out being simultaneously an independent risk factor.
Similarly, the finding that a decreased GFR caused
uric acid retention did not rule out the possibility that
hyperuricemia might contribute to the subsequent pro-
gression of kidney disease. Finally, and perhaps more
importantly, the conclusion that uric acid was not signif-
icant as a cardiovascular and renal risk factor had never
been tested by direct experimental studies in animal or
cell cultures.1

Recent epidemiological, experimental, and clinical
studies have consistently raised the exciting possibility

that uric acid may indeed have a causative role in the
onset and progression of hypertension, cardiovascular
disease, and renal disease.2 The purpose of this article
is a critical presentation of the current state of knowl-
edge on the role of uric acid in the highly interesting
issue of kidney disease prognosis and progression.

BIOLOGICAL EFFECTS OF URIC ACID IN VITRO

Uric acid is the end product of purine metabolism in
humans. Most mammals possess the enzyme uricase,
which converts uric acid to the more soluble allantoin,
which is freely excreted in the urine. This enzyme is
absent in humans and, thus, uric acid remains the end
product of the catabolic pathway. Previously, uric acid
was considered a biologically inert substance, but then
was found to have many biological properties that could
be either beneficial or detrimental to humans.11

A major beneficial property is its ability to act as
an antioxidant, and possibly one of the most important
antioxidants in plasma. Urate, the soluble form of uric
acid in the blood, reacts with various oxidants, such as
hydrogen peroxide, hydroxyl radicals, and nitric oxide
(NO) derivatives, and neutralizes their toxic effect.12

Furthermore, uric acid inhibits the degradation and
deactivation of extracellular superoxide dismutase, an
enzyme with significant antioxidant activity in vascu-
lar endothelium.13 These beneficial effects of uric acid
have led to the hypothesis that a rise in serum uric
acid, which is common in patients with cardiovascu-
lar disease, might represent a compensatory mechanism
to counteract the increased oxidative stress that occurs
in these conditions.14,15 However, this hypothesis is
in total contradiction to the established association of
hyperuricemia with increased incidence of cardiovascu-
lar events both in the general population and in patients
at high cardiovascular risk.

Although uric acid is thought to have antioxidant
activity in the extracellular space, once it enters cells, it
seems to exert various deleterious effects, many of which
have been documented in experimental studies.2 The
main pathophysiological mechanisms by which uric acid
exerts its deleterious effects are summarized in Table 1.

Uric acid enters vascular smooth muscle cells
through specific organic anion transporters and acti-
vates intracellular protein kinases (p38 and Erk 1/2)
and nuclear transcription factors [nuclear factor kappa
B (NF-κB) and activator protein-1 (AP-1)], result-
ing in a proliferative and proinflammatory phenotype.
Thus, vascular smooth muscle cells of blood vessels
produce growth factors (platelet-derived growth fac-
tor), vasoconstrictive substances [angiotensin II (A2)
and thromboxane (TXA2)], cytokines, and proinflam-
matory molecules [C-reactive protein (CRP) and mono-
cyte chemoattractant protein-1 (MCP-1)].16,17 At the
same time, uric acid appears to induce increased
expression (upregulation) of the type 1 angiotensin
II receptor in endothelial cells and vascular smooth
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Table 1. Major pathophysiological mechanisms of uric acid-
induced damage.

1. Endothelial dysfunction through impaired NO production
and release

2. Increased oxidative stress mainly through xanthine oxidase
(LDL oxidation and lipid peroxidation)

3. Platelet activation (platelet aggregation and thrombosis)
4. Vascular smooth muscle cells proliferation (COX-2, TXA2,

PDGF)
5. Proinflammatory activity (MCP-1, IL-1β, IL-6, TNF-α)

Note: NO, nitric oxide; LDL, low-density lipoprotein; COX-2,
cyclooxygenase-2; TXA2, thromboxane A2; PDGF, platelet-
derived growth factor; MCP-1, monocyte chemoattractant
factor-1; IL, interleukin; TNF-α, tumor necrosis factor-α.

muscle cells.2 Increased uric acid concentration in
the blood stimulates the production of interleukin-
1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis
factor-α (TNF-α ), thereby promoting proinflamma-
tory mechanisms.11 These pathophysiological path-
ways by which uric acid exerts its proliferative and
proinflammatory actions are shown schematically in
Figure 1.

In addition, uric acid inhibits proliferation and
migration of endothelial cells and secretion of NO,
contributing to endothelial dysfunction.18 Uric acid
infusion in the forearm of healthy subjects resulted
in impaired acetylcholine-induced vasodilation, thereby
further documenting impaired NO release.19 Simulta-
neously, uric acid seems to trigger platelet adhesion
and aggregation, thus favoring vascular thrombosis.20

Finally, although uric acid is considered to exert antioxi-
dant activity in plasma, its reaction with oxidizing agents
appears to have harmful consequences associated with
the release of active free radicals, especially when other
antioxidants are at low concentrations.2,11

Cell
proliferation

PDGF

Nuclear
transcription
factors (NF-κB,
AP-1)

COX2
(TXA2)

MAP kinases
Erk, p38OAT

Uric acid

Inflammation

MCP-1

Figure 1. Pathways by which uric acid induces proliferative and
inflammatory mechanisms. Uric acid enters vascular smooth mus-
cle cells through specific OAT and activates intracellular MAP
kinases, p38 and Erk 1/2, and nuclear transcription factors
(NF-κB and AP-1), leading these cells to acquire a prolifera-
tive and inflammatory phenotype. Thus, vascular smooth muscle
cells, through increased expression of COX-2 and TXA2, pro-
duce cytokines, growth factors (PDGF), and proinflammatory
molecules (MCP-1).
Note: OAT, organic anion transporter; MAP, mitogen-activated
protein; NF-κB, nuclear factor kappa B; AP-1, activa-
tor protein-1; COX-2, cyclooxygenase-2; TXA2, thrombox-
ane; PDGF, platelet-derived growth factor; MCP-1, monocyte
chemoattractant protein-1.

EPIDEMIOLOGICAL DATA

It is generally accepted that hyperuricemia is par-
ticularly common in patients at high cardiovascular
risk, such as those suffering from metabolic syn-
drome, hypertension, renal disease, or cardiovascular
disease11,21,22 Consistent with this observation has been
the finding that elevated uric acid predicts the devel-
opment of cardiovascular and renal diseases in the
general population and in patients at high cardiovas-
cular risk. Moreover, the presence of hyperuricemia
is an adverse prognostic factor and is associated with
increased morbidity and mortality.10 Numerous recent
and earlier epidemiological studies have demonstrated
the association of hyperuricemia with cardiovascular
events and mortality not only in the general population,
but also in patients with hypertension or preexisting car-
diovascular or renal diseases.23–30 On the other hand,
the Framingham Study and the Atherosclerosis Risk
in Communities (ARIC) Study did not support such
an association.31,32 Furthermore, a recent analysis of
the ARIC database demonstrated that although higher
serum uric acid concentration is associated with mor-
tality in the non-CKD population even after adjustment
for metabolic syndrome, the presence of CKD attenu-
ates this association.33 The inconsistency of the data was
confirmed by a recently published study in a large his-
torical cohort of a national insurance provider that doc-
umented a stronger association between serum uric acid
concentration and cardiovascular morbidity in patients
with severely decreased GFR.34 Thus, the challenge
remains as to whether uric acid has a pathogenic role
in the onset and progression of renal and cardiovascular
diseases.

Uric Acid and Hypertension
The potential direct association between hyperuricemia
and hypertension has attracted special scientific atten-
tion since the mid-twentieth century. Previously, this
association was strongly questioned and only a single
study had reported that hyperuricemia is an inde-
pendent risk factor for the development of arterial
hypertension.35 However, it has been documented early
enough that hyperuricemia (serum uric acid >6.5
mg/dL) is present in 25–40% of untreated hyperten-
sive subjects, in 50% of those taking diuretics, and in
at least 75% of those with malignant hypertension.36

These numbers increase dramatically when serum uric
acid in the high normal range is included. Indeed, a
linear relationship has been found between uric acid
blood levels and systolic blood pressure (BP) in both
white and black individuals.37 In certain special cases of
hypertension, such as cyclosporine-associated hyperten-
sion and preeclampsia, the correlation between elevated
serum uric acid and hypertension exceeds 70%.38

In the period after 1990, several large epidemio-
logical studies have been published that support the
role of uric acid as an independent risk factor for the
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development of arterial hypertension.23,25,26,28–30 Con-
sequently, the skepticism over a potential uric acid and
high BP association, prevalent in the previous decades,
has changed significantly. For example, in 3300 indi-
viduals with normal BP and renal function and without
known heart disease participating in the Framingham
Heart Study, an independent correlation was found
between serum uric acid levels and the development of
arterial hypertension over a 4-year follow-up period.30

The association between hyperuricemia and hyperten-
sion was repeatedly observed in the 1950s and through
the 1980s it received relatively little attention mainly due
to the lack of an exact causal mechanism. Thus, mild
elevations of serum uric acid were ignored in medical
practice and uric acid was not considered a risk fac-
tor for hypertension by the most distinguished scientific
societies (American Heart Association, Joint National
Committee on Prevention, Detection, Evaluation, and
Treatment of High Blood Pressure).39,40

Both experimental and clinical data show that
the relationship between serum uric acid and BP is
stronger in younger subjects with some dampening over
time.41,42 A recent prospective case–control study in
men of different ages (mean age of 61 years, range
47–81), who participated in the large Health Profession-
als’ Follow-Up Study, found no independent association
between the uric acid level and the risk for incident
hypertension among older men (>60 years). Although
a statistically significant correlation was observed in
younger men, this correlation was attenuated and
became nonsignificant after adjustment for metabolic
factors, such as cholesterol, triglycerides, and fasting
insulin.42 Any relationship between uric acid and hyper-
tension seems to be less important with advancing age,
when atherosclerosis evidenced by aortic stiffening of
the aorta is prevalent. Furthermore, increasing age is
associated with irreversible vascular damage and signif-
icant renal injury both resulting in mainly salt-sensitive
and uric acid-independent hypertension.43

The evaluation of the potential correlation between
uric acid levels and hypertension has focused recently on
children and adolescents. This was initially considered
odd, as hypertension is, undoubtedly, a disease of mid-
dle and advanced age. In children, however, the absence
of comorbidities allows an evaluation of the potential
causal relationship between hypertension and hyper-
uricemia without the interference of various confound-
ing factors that are prevalent in adults.44 Thus, studies
of new-onset essential hypertension in adolescents have
reported an elevation of uric acid >5.5 mg/dL in almost
90% of hypertensive subjects versus 0% of controls, and
the relationship of uric acid with hypertension was lin-
ear and dramatic.43 In addition, a very recent study
in 63 pediatric hemodialysis patients found a positive
association between serum uric acid and pretreatment
BP independent of volume, nutritional, and weight
status.45

Uric Acid in CKD Onset and Progression
Several observational studies have examined whether
uric acid is an independent risk factor for the develop-
ment and progression of CKD, leading to inconclusive
and, often, conflicting results. As already mentioned,
20–60% of patients with gout and hyperuricemia devel-
oped renal impairment, accompanied mainly by histo-
logical lesions of glomerulosclerosis, interstitial fibrosis,
arteriolosclerosis, and often focal deposition of urate
crystals in the outer medulla.6 Elevated levels of uric
acid have been reported to predict the development
of renal insufficiency in individuals with normal renal
function9 and correlated with the onset of proteinuria46

and renal dysfunction47 in patients with type II dia-
betes mellitus. Interestingly, uric acid at diagnosis is
an independent predictor for renal disease progression
in patients with immunoglobulin A (IgA) nephropathy,
although a causal relationship cannot be established by
such studies.48,49

Several studies of clinical epidemiology have been
published over the last decade and, although with sig-
nificant limitations, they consistently reveal a modest
but statistically significant association between hyper-
uricemia and the development of CKD and even ESRD.
A Japanese study of 6403 individuals, residents of Oki-
nawa City, with normal renal function assessed the
significance of hyperuricemia on the early detection of
renal dysfunction and found baseline serum uric acid
significantly correlated with the rise of serum creati-
nine in both men and women over a 2-year follow-up
period.50 Specifically, serum uric acid ≥8.0 mg/dL is
associated with greater risk (by 2.9 times in men and by
10.4 times in women) for developing high serum crea-
tinine, after adjusting for various confounding factors.
However, baseline uric acid levels showed no correla-
tion with a change in creatinine clearance as calculated
by the Cockcroft–Gault equation, and the authors pro-
vided no explanation for this discrepancy. The same
research group in a subsequent study investigated the
significance of hyperuricemia as a risk factor for ESRD
in 48,177 people of the general population older than
20 years.51 It was demonstrated that hyperuricemia is
an independent predictor of ESRD in women over a
7-year follow-up period, while in men the difference was
not statistically significant. The authors concluded that
strategies to control serum uric acid levels in the nor-
mal range may reduce the incidence and the burden of
ESRD.

It should be noted that several of the earlier studies
did not use adequate models of multivariate analysis and
therefore could not exclude all possible confounding
factors that may interfere with the relationship between
uric acid and CKD.52 But apart from any method-
ological problems, the results of epidemiological studies
on the question whether uric acid is an independent
risk factor for the onset and progression of kidney dis-
ease are often contradictory. Thus, during a long-term
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follow-up of 25 years, the large Multiple Risk Factor
Intervention Trial Study revealed that high blood lev-
els of uric acid were associated with the progression
to ESRD.53 However, correlation was attenuated when
individuals with baseline Modification of Diet in Renal
Disease (MDRD)54 estimated GFR (eGFR MDRD)
below 60 mL/min/1.73 m2 or with proteinuria were
excluded, suggesting that uric acid is rather an indica-
tor of reduced renal function and not a true mediator of
renal function decline.

The correlation of uric acid with kidney disease pro-
gression was further investigated in a recent prospective
study of individuals aged 65 years and older who par-
ticipated in a large study of the general population, the
Cardiovascular Health Study (CHS).55 Kidney disease
progression was defined as a decrease in eGFR MDRD
of 3 mL/min/1.73 m2 per year or greater or an inci-
dent CKD (eGFR <60 mL/min/1.73 m2). Uric acid
levels at baseline were associated strongly and linearly
with prevalent CKD (eGFR <60 mL/min/1.73 m2), an
association that remained statistically significant after
adjustment for multiple confounders. A 14% increase
in kidney disease progression was demonstrated per
1 mg/dL rise in uric acid. However, no association
was documented between baseline uric acid levels and
incident CKD, suggesting that uric acid is not a risk
factor for CKD development. A weak association was
found between baseline uric acid levels >5.9 mg/dL
and subsequent decrease in eGFR MDRD, while this
association disappeared with Cockcroft–Gault eGFR. A
main limitation of this study, as stated by the authors,
was the lack of information on albuminuria, which
is now an established risk factor for kidney disease
progression.

An interesting epidemiological study, published
recently, evaluated data on a large population sample
with normal renal function in two community-based
cohorts, the ARIC and the CHS , and investigated the
relationship between uric acid at baseline and incident
CKD over 9 years of follow-up.56 It was found that base-
line uric acid levels were associated with increased risk
for incident CKD with odds ratios increasing with the
rise in uric acid levels when renal function was assessed
by eGFR MDRD or simple serum creatinine, and after
adjusting for various confounding factors. The authors
concluded that an elevated uric acid level is an inde-
pendent risk factor for the development of CKD in
the general population. The sensitivity analysis of this
study revealed that a substantial part of the relationship
between uric acid and renal disease was mediated by
systemic hypertension. Data on baseline proteinuria and
allopurinol use were not available.

The role of uric acid as an independent risk fac-
tor for the development of new-onset CKD has been
confirmed in a second recent epidemiological study in
21,475 healthy Austrian volunteers participating in the
prospective study Vienna Health Screening Project with
a median follow-up of 7 years.57 The study participants

were classified according to the serum uric acid levels
into three groups: uric acid levels <7 mg/dL, mod-
erate hyperuricemia (7–8.9 mg/dL), and severe hype-
ruricemia (≥9 mg/dL). Incident CKD was defined as
eGFR MDRD <60 mL/min/1.73 m2. After adjust-
ing for various confounding factors, including the level
of kidney function (eGFR) at baseline, uric acid was
independently associated with new-onset CKD in both
men and women and in groups with moderate and
severe hyperuricemia. Of note, the risk for CKD was
higher in those with elevated BP, while proteinuria did
not appear to affect the relationship between uric acid
and incident CKD. Similar results have been demon-
strated in the very recently published Jerusalem Lipid
Research Clinic cohort study among 2449 participants
with normal baseline kidney function and 24–28 years
of follow-up.58 Serum uric acid predicted the incidence
of acute and chronic renal insufficiency and all-cause
mortality independently of baseline kidney function and
covariates.

The potential pathogenic role of baseline uric acid
in the progression of already established renal disease
remains as yet an area of great uncertainty. Thus, when
the MDRD study (N = 840) database was examined,
uric acid was not a predictor of renal progression,
defined as the requirement for dialysis or transplan-
tation, in patients with stages 3 to 4 CKD during a
median follow-up of 10 years.59 The results of this
study were unchanged by adjustment for BP, suggesting
that the increased risk was independent of a relation-
ship between uric acid level and BP. Along the same
lines, Sturm et al.60 found in 227 nondiabetic patients
with mild-to-moderate CKD that uric acid levels did
not predict CKD progression, defined as doubling of
baseline serum creatinine and/or terminal renal failure,
during a 7-year follow-up period and after adjustment
for baseline kidney function.

After the presentation of the main clinical epidemi-
ology studies, the issue of data interpretation emerges.
First, an independent risk factor is not necessarily
causal. This may occur when the true causal risk fac-
tor is not included in the multivariate analysis. Like-
wise, a risk factor could still be causal without being
independent. For example, assuming that uric acid
promotes kidney disease progression not directly but
through increased BP, the potential independent asso-
ciation between uric acid and renal disease progression
is unlikely to be demonstrated if both hypertension and
uric acid are considered in the multivariate analysis.61

In addition, elevated serum uric acid is strongly associ-
ated with both prevalent kidney disease and CKD risk
factors, including the metabolic syndrome, likely reflect-
ing both renal handling of uric acid and collinearity
among uric acid, obesity, hypertension, diabetes, and
other lifestyle characteristics. Therefore, uric acid may
be a marker of the severity of other risk factors rather
than a direct contributor to kidney injury. In any case, it
is difficult to evaluate the pathogenic role of uric acid in
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the development and progression of CKD, especially by
using epidemiological studies. Although the latter could
reveal valuable insights into pathogenic mechanisms,
they cannot establish causality. To this direction, useful
information could be provided from both experimental
animal studies and interventional human trials.

URIC ACID AS A MEDIATOR OF RENAL DISEASE

Experimental Evidence
In 2001 the group of Richard Johnson developed an
experimental model of hyperuricemia in rats, and the
studies based on this had a major contribution to the
revival of interest in the role of uric acid in hypertension
and renal disease.41 Most mammals have a low serum
uric acid due to the action of uricase. In humans the
uricase gene has undergone mutation and the enzyme
has become nonfunctional. Low doses of oxonic acid
(OA), an uricase inhibitor, caused mild hyperuricemia
in rats without intrarenal deposition of urate crystals.
Specifically, rats fed on OA developed uric acid levels
on the order of 2.7–4.0 mg/dL, while, prior to OA, these
rats had serum uric acid ranging from 0.5 to 1.4 mg/dL.
Previous models of uricase inhibition (knockout rat’s
uricase gene) led to massive uricosuria resulting in
obstructive nephropathy and death within 3 months.62

In this experimental model, hyperuricemic rats
showed hypertension, afferent arteriole arteriolopathy,
mild interstitial damage with mild striped interstitial
fibrosis, glomerular hypertrophy, glomerulosclerosis,
and albuminuria without intrarenal deposition of urate
crystals, while the control group maintained normal
BP.41,63 Indeed, the rise in BP induced by hyper-
uricemia was higher in rats that were on a low-sodium
diet compared with those that ingested normal amounts
of sodium. The hypertension was associated, initially,
with increased renin and decreased neuronal nitric
oxide synthase (NOS1) in the juxtaglomerular appara-
tus. In the next stage, the hypertension was maintained
by the hyperuricemia-induced vascular injury in the
afferent arteriole.41 The occurrence of both hyperten-
sion and tubulointerstitial injury was prevented when
OA was coadministered with allopurinol (a xanthine
oxidase inhibitor) or benziodarone (uricosuric drug).
Additionally, in rats with established hyperuricemia fol-
lowing OA administration, the reduction of uric acid
either through allopurinol addition or through OA dis-
continuation resulted in a decrease in BP and inhib-
ited the development of tubulointestinal injury.41,63

Finally, the involved mechanisms were further clari-
fied by the observation that the coadministration of OA
and enalapril (inhibition of angiotensin II synthesis)
or L-arginine (stimulation of NO synthesis) resulted
in a smaller increase in BP and less severe kidney
damage as compared with the group of animals that
received OA alone. Similarly, the coadministration of
OA and allopurinol prevented increased renin expres-
sion in the juxtaglomerular apparatus and partially

inhibited the reduction of nitrates in plasma observed
in hyperuricemia rats.41

Interestingly, hyperuricemic rats were also shown to
have salt sensitivity in this experimental model, that
is, a greater increase in BP for the same sodium load
compared with normal rats.64 A possible explanation
for the mechanism has been provided in other exper-
imental models that have shown that salt sensitivity
may result from preglomerular vascular disease.65 Thus,
hyperuricemic rats showed, along with salt sensitivity,
thickening and hypercellularity of the afferent arteri-
ole of the glomerulus that resulted in a reduction in
lumen diameter. This damage was similar to the pathog-
nomonic lesion of essential hypertension in humans and
was accompanied, as expected, by mild inflammation
and tubulointerstitial fibrosis.64 The vascular lesion in
the afferent arteriole was independent of BP changes
and was mediated in part by the direct effects of uric
acid to induce vascular smooth muscle cells prolifer-
ation and also by activation of the renin–angiotensin–
aldosterone system (RAAS).66 Indeed, it was observed
that, after OA discontinuation and normalization of
uric acid levels, the damage in the afferent arteriole
and the interstitial tissue as well as the resulting salt
sensitivity persisted.64 Subsequent experimental stud-
ies showed that hyperuricemia-induced vascular damage
in the afferent arteriole impaired renal autoregulation
resulting in renal vasoconstriction and systemic and
glomerular hypertension.67

To investigate the role of uric acid in renal dis-
ease progression, the classic model of renal progression
induced by 5/6 nephrectomy (remnant kidney model)
was used.17 The rats were fed on OA for 6 weeks
after 5/6 remnant kidney surgery with or without allop-
urinol or benziodarone. The major novel finding was
that modest hyperuricemia markedly exacerbated renal
progression, resulting in higher BP, greater protein-
uria, progressive renal disease, and severe histological
lesions (glomerulosclerosis, interstitial fibrosis). In addi-
tion, vascular lesions (thickening of afferent arterioles)
were not solely a consequence of an elevation in sys-
temic BP, as evidenced by more prominent vascular
changes in preglomerular vessels of hyperuremic rem-
nant kidney rats compared with historic controls with
similar BP but significantly lower uric acid levels. Allop-
urinol significantly reduced uric acid levels and blocked
the renal functional and histologic changes, while ben-
ziodarone reduced uric acid levels less effectively and
only partially improved BP and renal function, with
minimal effect on the vascular changes.17 This study
also showed that hyperuricemia was associated with
increased renin expression in the renal cortex and
cyclooxygenase (COX-2) expression in afferent arteri-
olar wall. Uric acid appeared to stimulate the vascular
smooth muscle cells proliferation through the COX-2.

In another model of renal disease progression,
that of cyclosporine-induced nephropathy, rats treated
with cyclosporine and OA had higher uric acid levels
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in association with more severe histological lesions
of cyclosporine-induced nephropathy (arteriolar hyali-
nosis, tubular injury, and striped interstitial fibro-
sis) compared with a group of animals treated with
cyclosporine alone.68 The mechanisms did not involve
intrarenal urate crystal deposition and appeared to
involve activation of RAAS and inhibition of intrarenal
NO production.

Finally, recent experimental studies support the
association between hyperuricemia and metabolic syn-
drome. Specifically, elevated uric acid levels were found
to have causal role in the metabolic syndrome that
was induced in rats fed on fructose. Fructose rapidly
raises serum uric acid in blood and the resultant hype-
ruricemia might contribute to the onset of insulin resis-
tance through, at least in part, the inhibition of NO.69

Subsequently, it was observed that reducing uric acid
levels in these rats resulted in improvement on most
parameters of metabolic syndrome, such as hyperinsu-
linemia, hypertriglyceridemia, hypertension, and weight
gain.70 Although relevant clinical studies are still lack-
ing, the above observations suggest that uric acid is
involved in the pathogenesis of the metabolic syndrome
that has become endemic throughout the developed
countries in the past few decades.71

Summarizing the conclusions of the important
experimental studies mentioned above, hyperuricemia
appears, for the first time, to have a pathogenetic role
in both the occurrence of arterial hypertension and
the progression of kidney disease. Additionally, these
studies contribute significantly to the elucidation of the
potential mechanisms through which the detrimental
effects of uric acid are exerted. However, we must be
very careful in extrapolating these findings from animals
to humans. As already presented in detail, there are cur-
rently large epidemiological studies that point to the role
of uric acid as an independent risk factor for the devel-
opment and progression of kidney disease, but without
definitive conclusions. Clinical interventional trials to
clarify whether lowering of uric acid results in inhibi-
tion or, at least, slowing of renal disease progression are
necessary.

Clinical Evidence
The most appropriate method to evaluate the involve-
ment of uric acid in the pathogenesis of CKD progres-
sion is to determine whether lowering uric acid slows
the rate of renal disease progression.61 These clinical
studies are very few and have several limitations. Some
indirect evidence supporting the role of uric acid in
the progression of kidney disease comes from the renal
function deterioration observed in hyperucemic patients
after allopurinol cessation.72,73

It is worth noting at this point that allopurinol, by
inhibiting xanthine oxidase, exerts antioxidant activity
along with reducing serum uric acid levels.2,74 Xan-
thine oxidase is a superoxide-producing enzyme and its

activity can be inhibited completely by the use of allop-
urinol. In experimental models, allopurinol prevented
vascular complications through its antioxidant effects by
blocking the generation of free radicals.2,74 However, a
randomized study failed to demonstrate the superiority
of allopurinol compared with placebo in reducing lipid
peroxidation and total oxidative stress in patients with
diabetes.75 Therefore, whether allopurinol manifests its
beneficial effects through its antioxidant properties is
still not conclusive.74

Additionally, allopurinol has consistently been found
to improve endothelial function in diabetics, smok-
ers, hypercholesterolemic patients, and those with
congestive heart failure.76 An important randomized,
placebo-controlled trial on the effects of allopurinol on
endothelial dysfunction and left ventricular hypertro-
phy in patients with stage 3 CKD has been recently
published.77 Specifically, 67 subjects were randomly
assigned to allopurinol at 300 mg/day or placebo for 9
months, out of which 53 patients completed the study.
Allopurinol significantly improved endothelial function,
as indicated by flow-mediated dilation of the brachial
artery, and reduced left ventricular hypertrophy, as eval-
uated by cardiac magnetic resonance imaging. Thus,
this study demonstrated that allopurinol can regress
left ventricular mass and improve endothelial function
among patients with CKD. Both outcomes are asso-
ciated with prognosis and may have important clinical
implications. Indeed, this is the first study that showed
a beneficial effect of allopurinol on left ventricular
hypertrophy in humans. However, whether these effects
translate into improvements in hard clinical endpoints is
yet to be tested.

It is clear that the data mentioned above concern
the potential role of uric acid lowering in reducing
overall cardiovascular risk, rather than its direct effect
on kidney disease progression. Similar results emerged
from the LIFE (Losartan Intervention for Endpoint
Reduction) Study. Although it was designed to compare
losartan and atenolol in terms of cardiovascular mor-
bidity and mortality, and not to investigate the role of
uric acid reduction in cardiovascular events, the anal-
ysis of data showed that the hypouricemic effect of
losartan appeared to explain a significant 29% of the
favorable treatment effect on the primary composite
endpoint (myocardial infarction, stroke, death).78 Fur-
thermore, the relationship between uric acid lowering
by losartan and renal endpoints, defined as doubling of
serum creatinine or ESRD, was determined in a more
recent post hoc analysis of patients with type II dia-
betes and nephropathy participating in the Reduction of
Endpoints in Non-Insulin-Dependent Diabetes Melli-
tus with the Angiotensin II Antagonist Losartan.79 The
risk of renal events was decreased by 6% per 0.5 mg/dL
decrement in serum uric acid during the first 6 months
of the study. This effect was independent of other risk
markers, including eGFR and albuminuria. Adjustment
of the overall treatment effects for serum uric acid
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attenuated losartan’s renoprotective effect from 22% to
17%, suggesting that approximately one-fifth of losar-
tan’s renoprotective effect could be attributed to its
effect on serum uric acid levels.

The direct clinical relevance of hypouricemic treat-
ment in kidney disease progression was investigated in a
prospective, randomized study where a group of patients
with hyperuricemia and CKD were treated with allop-
urinol or continued their usual therapy for 12 months.74

Study endpoints were an increase in serum creatinine
greater than 40% of baseline values or ESRD and
initiation of dialysis therapy. In the treatment group,
only 16% of the patients reached endpoints during
12 months of follow-up as compared with 46% of the
controls. Of note, there were no statistically significant
differences in systolic or diastolic BP between the two
groups at the end of the study despite a trend, not sta-
tistically significant, toward a lower serum creatinine
in the treatment group compared with controls after
12 months of therapy. This pioneering study has sev-
eral limitations that prevent generalization of the results,
such as small sample size, short duration of treatment,
and the Asian origin of patients. Moreover, during the
study, patients continued to take antihypertensive drugs
with potential renoprotective properties.

Likewise, Goicoechea et al.80 studied patients with
eGFR <60 mL/min who were randomly assigned to
treatment with allopurinol or to continue the usual ther-
apy and concluded after 24 months that allopurinol
slows the progression of renal disease and reduces car-
diovascular risk. Specifically, serum uric acid and CRP
levels were significantly decreased in subjects treated
with allopurinol and eGFR increased compared with
significant decrease in controls. Allopurinol treatment
slowed down renal disease progression independently
of age, gender, diabetes, CRP, albuminuria, and renin–
angiotensin system blockers use. After a mean follow-up
time of 23.4 ± 7.8 months, it was demonstrated that
allopurinol treatment reduces risk of new cardiovas-
cular events compared with standard therapy. Despite
these favorable results, further clinical trials are neces-
sary to elucidate the role of uric acid lowering in renal
disease progression. Only then, hypouricemic medical
treatment could be widely implemented in daily clinical
practice, especially since allopurinol treatment may be
complicated by significant blood and kidney toxicity and
even the potentially fatal Stevens–Johnson syndrome.81

The association between hyperuricemia and essen-
tial hypertension in children and adolescents, accord-
ing to epidemiological data, has been already pre-
sented in detail.44 However, clinical trials are needed
to establish this association. An interesting random-
ized, placebo-controlled, crossover clinical study inves-
tigated the effect of allopurinol on BP in adolescents
with newly diagnosed, never-treated, stage 1 essential
hypertension and serum uric acid levels ≥6 mg/dL
who received allopurinol with a significant reduction
in systolic and diastolic BP.82 Indeed, two-third of the

patients achieved normal BP while taking allopurinol
versus only one patient in the placebo group. Therefore,
allopurinol appears to reduce BP in adolescents with
stage 1 essential hypertension and hyperuricemia. How-
ever, these preliminary findings require confirmation
in larger clinical trials before hypouricemic medica-
tions can take their place in the treatment of essential
hypertension in children and/or adults.

Hyperuricemia was shown to be associated with
kidney disease progression after solid organ trans-
plantation. It occurs with increased frequency in
transplant recipients, mainly as a side effect of cal-
cineurin inhibitors.2 As already mentioned, hype-
ruricemia results in deterioration of cyclosporine-
induced nephropathy in rats, while allopurinol adminis-
tration appears to have renoprotective effect.68 Indeed,
the histological lesions found in experimental models of
hyperuricemia are similar to those observed in chronic
allograft nephropathy.17 In the clinical setting, pharma-
ceutical reduction of serum uric acid in liver transplant
recipients resulted in improved renal function.83 Addi-
tionally, a recent case–control study showed that hyper-
uricemia aggravated cyclosporine-induced nephropathy
in kidney transplant recipients.84 Another retrospective
clinical study involving renal transplant recipients, who
were followed up for a minimum of 4 years, found
that hyperuricemia was independently associated with
the development of chronic allograft nephropathy and
the incidence of cardiovascular events at 6 months after
transplantation, even after adjustment for potential con-
founding factors.85 It is, therefore, reasonable to assume
that hyperuricemia is included in the nonimmunologi-
cal risk factors for the development of chronic allograft
nephropathy.2

A possible pathogenetic role of hyperuricemia in
acute renal failure irrespective of cause and beyond
the well-known “gouty nephropathy” has recently been
suggested.86 Mechanisms by which uric acid may con-
tribute to acute renal failure are renal vasoconstriction,
proinflammatory and oxidizing effects of uric acid,
microvascular injury, and impaired renal autoregula-
tion. Of note, hyperuricemia may, in part, account for
the paradoxical lack of benefit of diuretics in the man-
agement of acute renal failure. However, there are no
clinical studies to date confirming the role of hyper-
uricemia in the pathogenesis of acute renal failure.

CONCLUSIONS

Uric acid, the end product of purine metabolism in
humans, has diverse biological properties. Although it
appears to act as an antioxidant in the extracellular
space, once it enters cells, it seems to exert various dele-
terious effects, many of which have been documented
in experimental studies. The major pathophysiological
mechanisms of uric acid-induced damage are endothe-
lial dysfunction, activation of local RAAS, increased

© 2012 Informa Healthcare USA, Inc.



518 V. Filiopoulos et al.

oxidative stress, and proinflammatory and proliferative
effects.

During the last decade, the role of uric acid as a
cardiovascular risk factor as well as its possible corre-
lation with renal disease progression have been reeval-
uated. Numerous earlier and recent epidemiological
studies have demonstrated the independent association
of hyperuricemia with arterial hypertension, cardiovas-
cular events, and mortality in the general population,
but also in patients at high cardiovascular risk. Fewer
epidemiological studies support the causal association
between hyperuricemia and renal disease development
and progression, often with conflicting and inconclu-
sive results. However, the medical community seems
currently to be moving away from the assumption that
hyperuricemia is only an indicator of renal dysfunc-
tion, reflecting reduced renal excretion. Uric acid is
considered nowadays as a culprit and not only as an
innocent bystander in hypertension and progression of
renal disease.

Experimental studies confirmed the pathogenetic
role of hyperuricemia in the onset and progression of
hypertension and renal disease and also provided useful
insights on the pathophysiological mechanisms through
which the detrimental effects of uric acid are exerted.
The vascular lesion in the glomerular afferent arteriole,
observed in the experimental models of hyperuricemia,
resembles the pathognomonic lesion of essential hyper-
tension in humans and is accompanied by salt sensitivity
and impaired renal autoregulation, resulting in systemic
and glomerular hypertension.

Few clinical studies advocate the favorable effect of
pharmaceutical uric acid reduction on cardiovascular
risk, as well as on the onset and progression of renal dis-
ease. Hyperuricemia appears to be associated with the
manifestation of essential hypertension in children and
adolescents, as allopurinol demonstrated antihyperten-
sive effect in this group of patients. Finally, it is clear
that larger interventional clinical trials are needed to
elucidate the role of uric acid in the genesis and pro-
gression of renal disease and to establish whether uric
acid represents a remediable target for intervention in
the context of primary prevention and inhibition of renal
and cardiovascular disease progression.
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